Abstract: Graphene oxide (GO) has a unique layered structure with excellent gas and liquid blocking properties. It is widely used in many areas, such as gas sensors, carbon-based electronics, impermeable membranes, and polymeric composite materials. In order to evaluate whether GO (1% and 3% by weight of asphalt) can improve the aging resistance performance of the asphalt, 80/100 penetration grade asphalt (90 A) and styrene-butadiene-styrene modified asphalt (SBS MA) were used to prepare the GO modified asphalt by the melt blending method. The surface morphology of the GO was analyzed by scanning electron microscope (SEM). The UV aging test was conducted to simulate the aging during the service period. After UV aging test, the physical performances of GO-modified asphalts were tested, and the I C=O and I S=O increments were tested by Fourier transform infrared spectroscopy (FTIR) to evaluate the aging resistance performance of the GO modified asphalt. In addition, the rheological properties of GO modified asphalts were studied using a dynamic shear rheometer (DSR). The SEM analysis indicated that the GO exhibits many shared edges, and no agglomeration phenomenon was found. With respect to the physical performance test, the FTIR and the DSR results show that GO can improve the UV aging resistance performance of 90 A and SBS MA. In addition, the analysis indicated that the improvement effect of 3% GO is better than the 1% GO. The testing on the rheological properties of the modified asphalt indicated that the GO can also improve the thermo-oxidative aging resistance performance of asphalt.
Introduction
Asphalt concrete is widely used as the pavement of choice in many countries. However, asphalt binder will be aged by many factors, such as heat, light, and oxygen during the high-temperature production and natural environment during service. Aging makes the asphalt binder become harder, leads to early damage, and reduces the service life span of the pavement [1, 2] . Therefore, to prolong the service life span of an asphalt pavement, it is important to improve the anti-aging performance of the asphalt.
Asphalt aging is mainly caused by oxidation [3] . After aging, the asphalt molecular weight will be increased or associated irreversibly to form macromolecules by absorbing oxygen, the asphalt colloid structure will, therefore, be changed, decreasing the asphalt pavement performance [4, 5] . Oxygen not only reacts with the surface asphalt, generates hydroxyl-and the oxygen-containing groups, but also continues aging the interior asphalt by gradually diffusing into the internal asphalt. The main difference of the thermo-oxidative aging and optical oxygen aging is the different excitation source to generate the free radicals in the initial stage. The excitation sources are the thermal and light excitations [6, 7] . There are many possible ways in preventing the asphalt from being aged or in reducing the rate of asphalt aging. Some of these techniques include the following: (a) by reducing the excitation energy (thermal energy or light energy); (b) by reducing the formation rate or concentration of the initial free radicals; or (c) by preventing contact of oxygen with the asphalt, which can reduce the reactant concentration (O 2 ) of the oxidation reaction in the aging process.
Inorganic nano-materials, such as layered double hydroxides (LDHs) [8] , montmorillonite [9, 10] , and carbon black [11, 12] , have a layered structure and are excellent barriers for oxygen, which can be used in improving the anti-aging performance of asphalt. However, the compatibility between inorganic materials and organic asphalt is poor, making it difficult for inorganic materials to disperse well in the asphalt; because of the van der Waals forces or the electrostatic forces, they tend to aggregation easily [13] . These drawbacks decrease the barrier performances and reduce the modification effects of the modifiers. Graphene oxide (GO) is a type of layered inorganic nano-material with a molecular structure roughly the same as that of grapheme. GO shows excellent performance in gas and liquid blocking, which is similar to that of graphene [14, 15] . The difference of GO compared with graphene is that there are many active oxygen-containing functional groups on the layers and the lamella edges of the GO, which endows GO with good compatibility toward inorganic and organic materials, and makes the graphene oxide-modified material have a low permeability of gas and liquid [16] . In another word, GO not only has the unique layer nanostructures with excellent oxygen barrier performance, but also has good compatibility with the asphalt. Therefore, it is important to conduct more research in this area to determine the effect of GO on the properties of virgin and modified binders.
In order to evaluate to effects of GO on the anti-UV aging performance of the asphalt, two types of asphalt and two levels of the GO contents (1% and 3% by weight of the binder) were utilized in preparing the GO-modified asphalt by the melt-blending method. First, the asphalts were aged by a thin film oven test (TFOT), and then aged by UV aging. After aging, the physical performance tests were conducted to study the performance attenuation during the aging process and the characteristic functional groups were analyzed by Fourier transform infrared spectroscopy (FTIR). The rheological properties were evaluated with a dynamic shear rheometer (DSR) in the temperature range from −10 to 30 • C.
Materials and Methods

Materials
Asphalt
Two types of asphalt binders were used in this research project, namely base asphalt with 80/100 penetration grade (simply referred to as 90 A) and SBS-modified asphalt (simply referred to as SBS MA). They were obtained from Inner Mongolia Xindalu Asphalt Co., Ltd. (Chifeng, Inner Mongolia, China). Technical information of these two asphalt binders are shown in Table 1 . GO was applied to be an anti-aging modifier for the asphalt binders. The GO with 5-10 layers was provided by the Suzhou Heng Ball Graphene Technology Co., Ltd. (Suzhou, China). The purity of GO was higher than 95%, the specific surface area of GO was about 100-300 m 2 /g, and the lamella diameter of the GO was about 10-50 um.
Preparation of GO Modified Asphalt
First, 90 A and SBS MA were heated to 155 • C and 170 • C, respectively; then the design contents of the GO (1.0 wt % or 3.0 wt %) were added to the asphalt binder by using a high-speed shear mixing machine (4000 r/min) for 30 min. Since the heating and shearing of the preparation process inevitably causes the aging of asphalt, and it is rational to evaluate the aging resistance performance of GO-modified asphalt binders at the same condition, the 90 A (and SBS MA) was also exposed to the same heating and shearing process as the GO-modified 90 A (and GO-modified SBS MA).
Microstructure of GO
The surface morphology of the GO was analyzed by the JSM-5610LV SEM (Tokyo, Japan), the SEM resolution was 3 nm in a high vacuum. The SEM pictures were taken on the microscope at the voltage of 5 KV where the magnification of the pictures could be obtained from 18-300,000 times. The GO, in general, would be affected by thermal shock for its structural metastability [21] , so the GO samples were dried at 50 • C.
Evaluation of Anti-Aging Performance
Aging Procedures
The samples used for the ultraviolet aging were first aged by TFOT (Cangzhou, Hebei, China). The mass of TFOT-aged samples were 50 ± 0.5 g, the diameter of the sample plate was 140 mm, the asphalt film thickness was approximately 3.2 mm, and the test temperature was stable at 163 ± 0.5 • C for 5 h. Then, the UV aging simulation test was performed with a straight-pipe high-pressure mercury lamp, the UV radiation intensity was 2000 uw/cm 2 , the UV wavelength was 365 nm, and the aging times were set up to three, six, and nine days. The sample mass of UV aging was 20 ± 0.1 g and the test temperature was stable at 50 ± 0.5 • C.
Physical Performance Tests
Physical performances tests, such as penetration, softening point, ductility, and viscosity, were conducted according to the standards ASTM D5 [17] , ASTM D36 [18] , ASTM D113 [19] , and ASTM D4402 [20] , respectively. The temperature of the penetration test was 25 • C, and the ductility tests of 90 A and SBS MA were set to be 10 • C and 5 • C, respectively. Three replicate samples were tested for each of the penetration, ductility, and softening point tests, and the average of the three results was taken as the final result.
Characteristic Functional Group Test
A Fourier transform infrared spectroscopy (FTIR) instrument (Columbus, OH, USA) was used to test the characteristic functional group changes of the asphalts after UV aging, the preparation procedures of asphalt samples for FTIR are described briefly: First, the asphalt CS 2 solution with 5 wt % concentration of asphalt was prepared, then two drops of asphalt CS 2 solution were placed on the KBr chip by the glue dropper, so the thin film asphalt sample could be obtained after the CS 2 was fully volatilized. The scan wave number range was from 4000 to 400 cm −1 , and scan times were 64 times.
Rheological Property Test
A SmartPave102 dynamic shear rheometer (DSR) (Graz, Austria) was utilized to test the rheological properties of asphalt binders. The test temperature was in the range of −10 to 30 °C, the rotor diameter was 8.0 mm, the sample thickness was 2.0 mm, frequency was set to 10 rad/s, and the strain was 0.05%.
Results and Discussion
Characterization of the GO
GO has multiple layers of structural material with oxygen functional groups on the basal plane and at the edges [22, 23] . Most researchers believe that epoxy and hydroxyl groups are on the basal plane, whereas carbonyl and carboxylic acid groups are at the edges [24] [25] [26] [27] . These oxygen functional groups allow the GO to be easily and evenly dispersed because they decrease the van der Waals forces of the GO molecules [21] . The microstructure of the GO was studied by SEM, Figure 1a ,b are SEM images of the GO magnified 500 and 1000 times, respectively. From Figure 1 , the GO particles are mostly independent states and exhibit lots of shared edges, and the high face-to-face interaction stability or the face-to-edge interactions are not observed in the SEM pictures. Therefore, the GO may show a good compatibility with asphalt. On the other hand, these oxygen functional groups cause some defects on its basal plane and decrease its barrier performance [28, 29] . Thus, to improve the barrier property, in this paper, multilayered (5-10) GO was selected as the anti-aging modifier for asphalt.
For its excellent gas-barrier property, GO can also improve the blocking performance of the modified materials to block the gas and the vapor diffusion. The barrier property can extend the travelling pathway of the O2 when it diffuses to the internal asphalt, and also prolongs the travelling pathway of the volatile organic compounds (VOCs) when released from the asphalt [30] [31] [32] . Asphalt aging is mainly caused by oxidation, so the GO may be able to retard the aging of asphalt by decreasing the O2 diffusion rate. 
UV Aging Resistance Performance
Chemical Structure
The asphalt chemical structure will be changed during the aging process, the characteristic functional groups index, namely carbonyl groups (1700 cm −1 ) and sulfoxide groups (1032 cm −1 ), will increase with the increase of aging degree [16, 33] . In order to analyze the anti-aging performance of asphalt, the FTIR was used to test the characteristic functional groups of asphalt binders before and after aging. The IC=O and IS=O were calculated according to the Equations (1) and (2), respectively: For its excellent gas-barrier property, GO can also improve the blocking performance of the modified materials to block the gas and the vapor diffusion. The barrier property can extend the travelling pathway of the O 2 when it diffuses to the internal asphalt, and also prolongs the travelling pathway of the volatile organic compounds (VOCs) when released from the asphalt [30] [31] [32] . Asphalt aging is mainly caused by oxidation, so the GO may be able to retard the aging of asphalt by decreasing the O 2 diffusion rate.
UV Aging Resistance Performance
Chemical Structure
The asphalt chemical structure will be changed during the aging process, the characteristic functional groups index, namely carbonyl groups (1700 cm −1 ) and sulfoxide groups (1032 cm −1 ), will increase with the increase of aging degree [16, 33] . In order to analyze the anti-aging performance of asphalt, the FTIR was used to test the characteristic functional groups of asphalt binders before and after aging. The I C=O and I S=O were calculated according to the Equations (1) and (2), respectively:
(1)
where, S 1700 cm −1 expresses the areas of the 1700 cm −1 centered carbonyl group absorption band; S 1032 cm −1 expresses the areas of the 1032 cm −1 centered sulfoxide group absorption band; S 2000∼600 cm −1 expresses the areas of all absorption bands between 2000 cm −1 and 600 cm −1 . The I C=O and I S=O of the aged binders (i.e., TFOT and UV) studied in this research are shown in Figures 2 and 3 , respectively. As shown in Figure 2 , the I C=O of 90 A and SBS MA were gradually increasing with an increase in the UV aging time, where, 90 A + 1% GO, 90 A + 3% GO, SBS MA + 1% GO, and SBS MA + 3% GO correspond to 90 A with 1% GO, 90 A with 3% GO, SBS MA with 1% GO, and SBS MA with 3% GO, respectively. The results for the I S=O followed a similar trend ( Figure 3 ). After UV aging, the I C=O and I S=O increments of 90 A and SBS MA with GO are smaller than the virgin binder (asphalt without GO), indicating that the GO can improve the UV aging resistance of 90 A and SBS MA, and inhibit the increase in I C=O and I S=O of 90 A and SBS MA during UV aging. The IC=O and IS=O of the aged binders (i.e., TFOT and UV) studied in this research are shown in Figures 2 and 3 , respectively. As shown in Figure 2 , the IC=O of 90 A and SBS MA were gradually increasing with an increase in the UV aging time, where, 90 A + 1% GO, 90 A + 3% GO, SBS MA + 1% GO, and SBS MA + 3% GO correspond to 90 A with 1% GO, 90 A with 3% GO, SBS MA with 1% GO, and SBS MA with 3% GO, respectively. The results for the IS=O followed a similar trend ( Figure 3 ). After UV aging, the IC=O and IS=O increments of 90 A and SBS MA with GO are smaller than the virgin binder (asphalt without GO), indicating that the GO can improve the UV aging resistance of 90 A and SBS MA, and inhibit the increase in IC=O and IS=O of 90 A and SBS MA during UV aging. 
Physical Performance
Three indicators, such as residual penetration ratio (PRR), softening point incremental (SPI), and residual ductility ratio (DRR) can characterize the physical properties attenuation amplitude during the UV aging process. Therefore, these three indicators were used in evaluating the UV aging degree of the asphalts used in this research project. The PRR, the SPI, and the DRR were calculated according to the Equations (3)- (5), respectively: 
Three indicators, such as residual penetration ratio (PRR), softening point incremental (SPI), and residual ductility ratio (DRR) can characterize the physical properties attenuation amplitude during the UV aging process. Therefore, these three indicators were used in evaluating the UV aging degree of the asphalts used in this research project. The PRR, the SPI, and the DRR were calculated according Three indicators, such as residual penetration ratio (PRR), softening point incremental (SPI), and residual ductility ratio (DRR) can characterize the physical properties attenuation amplitude during the UV aging process. Therefore, these three indicators were used in evaluating the UV aging degree of the asphalts used in this research project. The PRR, the SPI, and the DRR were calculated according to the Equations (3)- (5), respectively:
where, P TFOT , D TFOT , and SP TFOT are the penetration (0.1 mm), the ductility (cm), and the softening ( • C) after TFOT, respectively; P UV , D UV , and SP UV are the penetration (0.1 mm), the ductility (cm), and the softening ( • C) after UV aging, respectively. In general, it is expected that the asphalt with a good UV aging resistance should have higher PRR, lower SPI, and higher DRR values indicating that the physical performance of the asphalt will not change significantly after UV aging. Figure 4 shows the PRR results after UV aging. It can be seen that the PRR value of all asphalts decrease gradually with the extension of UV aging time, when the UV ageing time increases from three days to nine days, the PRR value of 90 A decreases from 59.2% to 36.4%, and the PRR value of SBS MA decreases from 67.3% to 38.6%. The higher PRR value means a lower aging degree, and vice versa. After adding the GO, the PRR value of 90 A and SBS MA after UV aging increased, when the GO content was 3%, the PRR of 90 A after nine days of UV aging increased from 36.4% to 57.3%. In addition, the PRR value of SBS MA after nine days UV aging increased from 38.6% to 64.3%, which shows that the GO can alleviate asphalt penetration attenuation in the process of UV aging.
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where, PTFOT, DTFOT, and SPTFOT are the penetration (0.1 mm), the ductility (cm), and the softening (°C) after TFOT, respectively; PUV, DUV, and SPUV are the penetration (0.1 mm), the ductility (cm), and the softening (°C) after UV aging, respectively. In general, it is expected that the asphalt with a good UV aging resistance should have higher PRR, lower SPI, and higher DRR values indicating that the physical performance of the asphalt will not change significantly after UV aging. Figure 4 shows the PRR results after UV aging. It can be seen that the PRR value of all asphalts decrease gradually with the extension of UV aging time, when the UV ageing time increases from three days to nine days, the PRR value of 90 A decreases from 59.2% to 36.4%, and the PRR value of SBS MA decreases from 67.3% to 38.6%. The higher PRR value means a lower aging degree, and vice versa. After adding the GO, the PRR value of 90 A and SBS MA after UV aging increased, when the GO content was 3%, the PRR of 90 A after nine days of UV aging increased from 36.4% to 57.3%. In addition, the PRR value of SBS MA after nine days UV aging increased from 38.6% to 64.3%, which shows that the GO can alleviate asphalt penetration attenuation in the process of UV aging. Figure 5 shows the SPI results after UV aging. The higher the SPI, the higher is the aging degree and vice versa. The SPI values of 90 A, SBS MA and the GO modified asphalts increased gradually with the extension of UV aging time. Compared to the asphalt without modifiers, after adding the GO, the SPI values of all asphalts decreased at the same UV aging condition, and the SPI value was lower when the GO content was 3% compared to 1%. This shows that the GO can retard the softening point increase in the UV irradiation process, and the retarding effect is more pronounced when the GO content is increased. Figure 5 shows the SPI results after UV aging. The higher the SPI, the higher is the aging degree and vice versa. The SPI values of 90 A, SBS MA and the GO modified asphalts increased gradually with the extension of UV aging time. Compared to the asphalt without modifiers, after adding the GO, the SPI values of all asphalts decreased at the same UV aging condition, and the SPI value was lower when the GO content was 3% compared to 1%. This shows that the GO can retard the softening point increase in the UV irradiation process, and the retarding effect is more pronounced when the GO content is increased. Appl The DRR results after UV aging are shown in Figure 6 . The lower value of DRR indicates an increase in the aging degree of the binder. With the extension of the UV times, the DRR values decrease obviously. At the same UV aging condition, the ductility attenuation rate decreases with the GO, and the decrease effect is more obvious when the GO content is increased from 1% to 3%. For instance, the DRR values of the GO modified 90 A will increase from 21.2% (without GO) to 38.1% (with 3% GO), and the DRR values of the GO modified SBS MA will increase from 25.0% (without GO) to 45.4% (with 3% GO). The asphalt viscosity after TFOT and UV aging was tested at different temperatures, namely 30 °C, 45 °C, 60 °C, 75 °C, 90 °C and 105 °C. The viscosity aging indices (VAI) of all temperatures were calculated based on the Equation (6):
where, VUV is the viscosity after UV aging in Pa⋅s; and VTFOT is the viscosity after TFOT in Pa⋅s. In general, a higher VAI value is an indication of a higher UV-aging degree. The VAI results of 90 A and GO-modified 90 A are shown in Figure 7 , and the VAI results of SBS MA and the GO-modified SBS MA are shown in Figure 8 . The DRR results after UV aging are shown in Figure 6 . The lower value of DRR indicates an increase in the aging degree of the binder. With the extension of the UV times, the DRR values decrease obviously. At the same UV aging condition, the ductility attenuation rate decreases with the GO, and the decrease effect is more obvious when the GO content is increased from 1% to 3%. For instance, the DRR values of the GO modified 90 A will increase from 21.2% (without GO) to 38.1% (with 3% GO), and the DRR values of the GO modified SBS MA will increase from 25.0% (without GO) to 45.4% (with 3% GO). The DRR results after UV aging are shown in Figure 6 . The lower value of DRR indicates an increase in the aging degree of the binder. With the extension of the UV times, the DRR values decrease obviously. At the same UV aging condition, the ductility attenuation rate decreases with the GO, and the decrease effect is more obvious when the GO content is increased from 1% to 3%. For instance, the DRR values of the GO modified 90 A will increase from 21.2% (without GO) to 38.1% (with 3% GO), and the DRR values of the GO modified SBS MA will increase from 25.0% (without GO) to 45.4% (with 3% GO). The asphalt viscosity after TFOT and UV aging was tested at different temperatures, namely 30 °C, 45 °C, 60 °C, 75 °C, 90 °C and 105 °C. The viscosity aging indices (VAI) of all temperatures were calculated based on the Equation (6):
where, VUV is the viscosity after UV aging in Pa⋅s; and VTFOT is the viscosity after TFOT in Pa⋅s. In general, a higher VAI value is an indication of a higher UV-aging degree. The VAI results of 90 A and GO-modified 90 A are shown in Figure 7 , and the VAI results of SBS MA and the GO-modified SBS MA are shown in Figure 8 . 
where, V UV is the viscosity after UV aging in Pa·s; and V TFOT is the viscosity after TFOT in Pa·s. In general, a higher VAI value is an indication of a higher UV-aging degree. The VAI results of 90 A
and GO-modified 90 A are shown in Figure 7 , and the VAI results of SBS MA and the GO-modified SBS MA are shown in Figure 8 .
binder tested, one can conclude that the GO can improve the UV aging resistance performance and, at the same UV-aging condition, the VAI of the 1% GO-modified 90 A has no significant difference with 3% GO-modified 90 A. However, the VAI value after adding 3% GO was slightly lower than that of 1% GO. The VAI results of SBS MA in Figure 8 show the same trend as of 90 A, the VAI is increasing with an increase in UV-aging time. However, the VAI of the GO-modified SBS MA is much smaller than that of SBS MA. It is clear that the GO can improve the UV aging resistance performance of 90 A and SBS MA, and the UV aging resistance performance will be enhanced by increasing the GO content from 1% to 3%. binder tested, one can conclude that the GO can improve the UV aging resistance performance and, at the same UV-aging condition, the VAI of the 1% GO-modified 90 A has no significant difference with 3% GO-modified 90 A. However, the VAI value after adding 3% GO was slightly lower than that of 1% GO.
The VAI results of SBS MA in Figure 8 show the same trend as of 90 A, the VAI is increasing with an increase in UV-aging time. However, the VAI of the GO-modified SBS MA is much smaller than that of SBS MA. It is clear that the GO can improve the UV aging resistance performance of 90 A and SBS MA, and the UV aging resistance performance will be enhanced by increasing the GO content from 1% to 3%. The results shown in Figure 7 indicate that the VAI values of all temperatures increase with the increase of the UV-aging time, which shows that the UV-aging degree is increased. For example, the VAI of the GO-modified 90 A decreased as the content of the GO increase. Therefore, for the 90 A binder tested, one can conclude that the GO can improve the UV aging resistance performance and, at the same UV-aging condition, the VAI of the 1% GO-modified 90 A has no significant difference with 3% GO-modified 90 A. However, the VAI value after adding 3% GO was slightly lower than that of 1% GO.
The VAI results of SBS MA in Figure 8 show the same trend as of 90 A, the VAI is increasing with an increase in UV-aging time. However, the VAI of the GO-modified SBS MA is much smaller than that of SBS MA. It is clear that the GO can improve the UV aging resistance performance of 90 A and Appl. Sci. 2017, 7, 702 9 of 15 SBS MA, and the UV aging resistance performance will be enhanced by increasing the GO content from 1% to 3%.
Evaluating the Rheological Properties
The complex modulus (G*) and the phase angle (δ) of the 90 A and the GO-modified 90 A before aging and after TFOT aging are shown in Figure 9 . In general, a nano-material powder always brings a hardening effect to the asphalt, and G* always increases.
From Figure 9 , before aging, the G* increment of 90 A with 1% GO content is minimal, and the G* value of the 3% GO-modified 90 A is slightly lower than 90 A. This is possible due to the softening effect of the CO 2 sealed in the asphalt [33, 34] . The δ value of the GO-modified 90 A is lower than the δ of 90 A, the difference is more notable from −10 • C to 0 • C. After TFOT, the ranking order of the G* of 90 A is 1% GO-modified 90 A < 3% GO-modified 90 A < 90 A, and there is little difference of the δ of 90 A and the GO-modified 90 A; the G* increment of the 3% GO-modified 90 A is almost the same as 90 A, but the δ reduction of 3% GO-modified 90 A is less than 90 A. This indicates that 3% GO can improve the thermo-oxidative aging resistance performance of 90 A; when the GO content is 1%, the G* is much smaller than that of 90 A. In addition, the δ reduction is also less than 90 A, so that 1% GO can obviously improve the thermo-oxidative aging resistance performance of 90 A. On the improvement in the thermo-oxidative aging resistance performance of 90 A, the 3% GO-modified effect is not as good as the 1% GO. This could be attributed to the residual CO 2 in the asphalt; the CO 2 will be released at the temperature of 163 • C during TFOT. The release process is equivalent to a stirring action and the asphalt film near the CO 2 bubble is very thin, which can, more or less, speed up the TFOT aging rate and weakens the improvement effect of the GO. In this paper, we simply name the process of releasing CO 2 as stirring and film action. When the GO content is 1%, this stirring and film action is less obvious than with the 3% GO content; hence, a better anti-aging performance. 
From Figure 9 , before aging, the G* increment of 90 A with 1% GO content is minimal, and the G* value of the 3% GO-modified 90 A is slightly lower than 90 A. This is possible due to the softening effect of the CO2 sealed in the asphalt [33, 34] . The δ value of the GO-modified 90 A is lower than the δ of 90 A, the difference is more notable from −10 °C to 0 °C. After TFOT, the ranking order of the G* of 90 A is 1% GO-modified 90 A < 3% GO-modified 90 A < 90 A, and there is little difference of the δ of 90 A and the GO-modified 90 A; the G* increment of the 3% GO-modified 90 A is almost the same as 90 A, but the δ reduction of 3% GO-modified 90 A is less than 90 A. This indicates that 3% GO can improve the thermo-oxidative aging resistance performance of 90 A; when the GO content is 1%, the G* is much smaller than that of 90 A. In addition, the δ reduction is also less than 90 A, so that 1% GO can obviously improve the thermo-oxidative aging resistance performance of 90 A. On the improvement in the thermo-oxidative aging resistance performance of 90 A, the 3% GO-modified effect is not as good as the 1% GO. This could be attributed to the residual CO2 in the asphalt; the CO2 will be released at the temperature of 163 °C during TFOT. The release process is equivalent to a stirring action and the asphalt film near the CO2 bubble is very thin, which can, more or less, speed up the TFOT aging rate and weakens the improvement effect of the GO. In this paper, we simply name the process of releasing CO2 as stirring and film action. When the GO content is 1%, this stirring and film action is less obvious than with the 3% GO content; hence, a better anti-aging performance. The G* and the δ of 90 A and the GO-modified 90 A after TFOT and after nine days of UV aging are shown in Figure 10 . After nine days of UV aging, the order of the G* of 90 A was found to be 3% GO-modified 90 A < 1% GO-modified 90 A < 90 A. The G* value is decreased by the utilization of the GO, especially the G* of the 3% GO-modified asphalt after nine days of UV aging is almost the same as before aging, which shows the GO has an excellent UV aging resistance performance. The GO can significantly improve the anti-UV aging performance of 90 A, and the improvement effect of the 3% GO is much better than 1% GO. The UV test temperature (50 °C) is only slightly higher than its softening point; on the other hand, after 5 h of TFOT aging, CO2 is released completely out of the GO-modified asphalt, so the stirring and film action will not affect the improvement effect of the GO. The G* and the δ of 90 A and the GO-modified 90 A after TFOT and after nine days of UV aging are shown in Figure 10 . After nine days of UV aging, the order of the G* of 90 A was found to be 3% GO-modified 90 A < 1% GO-modified 90 A < 90 A. The G* value is decreased by the utilization of the GO, especially the G* of the 3% GO-modified asphalt after nine days of UV aging is almost the same as before aging, which shows the GO has an excellent UV aging resistance performance. The GO can significantly improve the anti-UV aging performance of 90 A, and the improvement effect of the 3% GO is much better than 1% GO. The UV test temperature (50 • C) is only slightly higher than its softening point; on the other hand, after 5 h of TFOT aging, CO 2 is released completely out of the GO-modified asphalt, so the stirring and film action will not affect the improvement effect of the GO. The fatigue cracking factor (G*sinδ) is used to evaluate the anti-fatigue performance of an asphalt binder where the lower value of the G*sinδ is an indication of better anti-fatigue performance. Superpave specifications specify that the G*sinδ should not be higher than 5.0 MPa [35] . In this paper, in order to quantitatively evaluate the effects of the GO on the anti-fatigue performance of asphalt at different aging states, the corresponding temperature fatigue cracking factor of 5.0 MPa is also calculated; this temperature is simply referred to as FFT. Figure 11 shows the G*sinδ results of 90 A and the GO-modified 90 A. It can be found from this figure that the order of G*sinδ after UV aging is 3% GO-modified 90 A < 1% GO-modified 90 A < 90 A, indicating that the GO can improve the anti-fatigue performance of 90 A after UV aging, and the improvement effect of 3% GO is much better than 1% GO. Table 2 shows the FFT of 90 A and SBS MA. It can be observed from Table 2 that, before aging, the FFT of the 1% GO-modified 90 A is the same as the 90 A, and the FFT of the 3% GO-modified 90 A is 0.7 °C lower than 90 A, so the GO can slightly improve the anti-fatigue performance of 90 A before aging. After TFOT, the FFT of 90 A and the GO-modified 90 A all increased, but the FFT of the 1% and 3% GO-modified 90 A were 2.6 °C and 0.5 °C lower than 90 A. This trend was the same for the G and δ values. After UV aging, the order of the TTF was found to be 3% GO-modified 90 A < 1% GO-modified 90 A < 90 A. The change above proves that GO can improve the anti-aging performance of an asphalt binder, the fatigue cracking resistance performance of the GO-modified 90 A are better than 90 A at any aging states, and the improvement effect will be more significant after aging. The fatigue cracking factor (G*sinδ) is used to evaluate the anti-fatigue performance of an asphalt binder where the lower value of the G*sinδ is an indication of better anti-fatigue performance. Superpave specifications specify that the G*sinδ should not be higher than 5.0 MPa [35] . In this paper, in order to quantitatively evaluate the effects of the GO on the anti-fatigue performance of asphalt at different aging states, the corresponding temperature fatigue cracking factor of 5.0 MPa is also calculated; this temperature is simply referred to as FFT. Figure 11 shows the G*sinδ results of 90 A and the GO-modified 90 A. It can be found from this figure that the order of G*sinδ after UV aging is 3% GO-modified 90 A < 1% GO-modified 90 A < 90 A, indicating that the GO can improve the anti-fatigue performance of 90 A after UV aging, and the improvement effect of 3% GO is much better than 1% GO. Table 2 shows the FFT of 90 A and SBS MA. It can be observed from Table 2 that, before aging, the FFT of the 1% GO-modified 90 A is the same as the 90 A, and the FFT of the 3% GO-modified 90 A is 0.7 • C lower than 90 A, so the GO can slightly improve the anti-fatigue performance of 90 A before aging. After TFOT, the FFT of 90 A and the GO-modified 90 A all increased, but the FFT of the 1% and 3% GO-modified 90 A were 2.6 • C and 0.5 • C lower than 90 A. This trend was the same for the G and δ values. After UV aging, the order of the TTF was found to be 3% GO-modified 90 A < 1% GO-modified 90 A < 90 A. The change above proves that GO can improve the anti-aging performance of an asphalt binder, the fatigue cracking resistance performance of the GO-modified 90 A are better than 90 A at any aging states, and the improvement effect will be more significant after aging. The G* and the δ of SBS MA and the GO-modified SBS MA before aging and after TFOT are shown in Figure 12 . Before aging, the GO did not increase the G* of the SBS MA significantly, the G* curve of GO-modified SBS MA almost overlap with the SBS MA without the GO. With the increase of GO content, the δ of the SBS MA only slightly decreases. The slight changes of the G* and the δ show the GO will not obviously decrease the low-temperature performance of the SBS MA. After TFOT aging, the G* increases while the δ decreases, which shows the increment of the asphalt aging degree. Compared to SBS MA, the G* increment and the δ decrement of the GO-modified SBS MA is almost the same, so the GO is not able to improve the thermo-oxidative aging resistance performance of SBS MA significantly. The improvement effect of the GO during TFOT may be weakened by the stirring and film action of the CO2, and the viscosity of the SBS MA increase more sharply than the 90 A with the decrease of the temperature, which may seal more CO2 in the asphalt. The CO2 sealed in the asphalt will be released when the viscosity decreases at high temperature during TFOT. Thus, there is no obvious improvement of the SBS MA anti-TFOT aging performance.
The G* and the δ of SBS MA and the GO-modified SBS MA after TFOT and after nine days of UV aging are shown in Figure 13 . After UV aging, the order of the G* is 3% GO-modified SBS MA < 1% GO modified SBS MA < SBS MA, and the G* increment of 3% GO-modified SBS MA is the lowest, 1% GO modified SBS MA is the second and SBS MA is the largest, there is no obvious difference of the δ of these three kinds of SBS MA binders. Thus, the order of the anti-UV aging performance is 3% GO-modified SBS MA > 1% GO-modified SBS MA > SBS MA. Therefore, one can conclude that, for these binders, GO can improve the anti-UV aging performance of SBS MA and the improvement of the 3% GO is better than that of the 1% GO. The G* and the δ of SBS MA and the GO-modified SBS MA before aging and after TFOT are shown in Figure 12 . Before aging, the GO did not increase the G* of the SBS MA significantly, the G* curve of GO-modified SBS MA almost overlap with the SBS MA without the GO. With the increase of GO content, the δ of the SBS MA only slightly decreases. The slight changes of the G* and the δ show the GO will not obviously decrease the low-temperature performance of the SBS MA. After TFOT aging, the G* increases while the δ decreases, which shows the increment of the asphalt aging degree. Compared to SBS MA, the G* increment and the δ decrement of the GO-modified SBS MA is almost the same, so the GO is not able to improve the thermo-oxidative aging resistance performance of SBS MA significantly. The improvement effect of the GO during TFOT may be weakened by the stirring and film action of the CO 2 , and the viscosity of the SBS MA increase more sharply than the 90 A with the decrease of the temperature, which may seal more CO 2 in the asphalt. The CO 2 sealed in the asphalt will be released when the viscosity decreases at high temperature during TFOT. Thus, there is no obvious improvement of the SBS MA anti-TFOT aging performance.
The G* and the δ of SBS MA and the GO-modified SBS MA after TFOT and after nine days of UV aging are shown in Figure 13 . After UV aging, the order of the G* is 3% GO-modified SBS MA < 1% GO modified SBS MA < SBS MA, and the G* increment of 3% GO-modified SBS MA is the lowest, 1% GO modified SBS MA is the second and SBS MA is the largest, there is no obvious difference of the δ of these three kinds of SBS MA binders. Thus, the order of the anti-UV aging performance is 3% GO-modified SBS MA > 1% GO-modified SBS MA > SBS MA. Therefore, one can conclude that, for these binders, GO can improve the anti-UV aging performance of SBS MA and the improvement of the 3% GO is better than that of the 1% GO. The G*sinδ of SBS MA and GO-modified SBS MA after UV aging are shown in Figure 14 . With the increment of the GO content, the G*sinδ decreases, which shows that the fatigue property is improved after adding the GO, and the results of the 3% GO content is better than 1% GO content. Table 3 gives the FFT results of SBS MA and the GO-modified SBS MA. Before aging, the FFT order of SBS MA is almost the same as 90 A, the1% GO and the 3% GO modified SBS MA are 0.2 °C and 1.0 °C smaller than SBS MA. Therefore, the GO can improve the fatigue cracking resistance performance of the SBS MA before aging. After TFOT, the FFT of the 3% GO-modified SBS MA are lower than the SBS MA; the FFT of the 1% GO-modified SBS MA are higher than SBS MA, but the increment is only 0.7 °C, which will not greatly reduce the low-temperature performance of a binder. Thus, 3% GO can slightly improve the anti-TFOT aging of SBS MA, while 1% GO slightly decreases the anti-TFOT aging of SBS MA. After UV aging, the order of the TTF is 3% GO-modified SBS MA < The G*sinδ of SBS MA and GO-modified SBS MA after UV aging are shown in Figure 14 . With the increment of the GO content, the G*sinδ decreases, which shows that the fatigue property is improved after adding the GO, and the results of the 3% GO content is better than 1% GO content. Table 3 gives the FFT results of SBS MA and the GO-modified SBS MA. Before aging, the FFT order of SBS MA is almost the same as 90 A, the1% GO and the 3% GO modified SBS MA are 0.2 °C and 1.0 °C smaller than SBS MA. Therefore, the GO can improve the fatigue cracking resistance performance of the SBS MA before aging. After TFOT, the FFT of the 3% GO-modified SBS MA are lower than the SBS MA; the FFT of the 1% GO-modified SBS MA are higher than SBS MA, but the increment is only 0.7 °C, which will not greatly reduce the low-temperature performance of a binder. Thus, 3% GO can slightly improve the anti-TFOT aging of SBS MA, while 1% GO slightly decreases the anti-TFOT aging of SBS MA. After UV aging, the order of the TTF is 3% GO-modified SBS MA < The G*sinδ of SBS MA and GO-modified SBS MA after UV aging are shown in Figure 14 . With the increment of the GO content, the G*sinδ decreases, which shows that the fatigue property is improved after adding the GO, and the results of the 3% GO content is better than 1% GO content. Table 3 gives the FFT results of SBS MA and the GO-modified SBS MA. Before aging, the FFT order of SBS MA is almost the same as 90 A, the1% GO and the 3% GO modified SBS MA are 0.2 • C and 1.0 • C smaller than SBS MA. Therefore, the GO can improve the fatigue cracking resistance performance of the SBS MA before aging. After TFOT, the FFT of the 3% GO-modified SBS MA are lower than the SBS MA; the FFT of the 1% GO-modified SBS MA are higher than SBS MA, but the increment is only 0.7 • C, which will not greatly reduce the low-temperature performance of a binder. Thus, 3% GO can slightly improve the anti-TFOT aging of SBS MA, while 1% GO slightly decreases the anti-TFOT aging of SBS MA. After UV aging, the order of the TTF is 3% GO-modified SBS MA < 1% GO SBS MA < SBS MA, the1% GO and the 3% GO-modified SBS MA are 0.8 • C and 1.3 • C lower than SBS MA. Fatigue cracking resistance performances of the modified SBS MA are better than 90 A after UV aging. Therefore, one can conclude that GO can improve the UV aging resistance performance of SBS MA, and the improvement effect of the 3% GO is better than the 1% GO. 
Conclusions
The IC=O and IS=O before and after UV aging were tested by the FTIR to study the chemical structure changes of the GO-modified asphalt during UV aging. The PRR, SPI, DRR, and the VAI were calculated and analyzed to estimate the physical properties changes of the GO-modified asphalt during UV aging. Finally, the DSR was used to study the rheological properties, G* and δ, before and after aging. After analyzing the results of these tests, the following conclusions can be made:
1. Before aging, the GO could decrease the G* and slightly change the δ of 90 A and SBS MA; in total, a smaller G*sinδ value was obtained after being modified by the GO, which shows that the GO could improve the fatigue cracking resistance performance of the 90 A and SBS MA binders. 2. According to the rheological property testing, before and after TFOT, the GO could improve the thermo-oxidative aging resistance performance of 90 A and SBS MA, and the improvement effect of the GO on 90 A was better than SBS MA. 3. After UV aging, the IC=O and IS=O increment of the GO modified asphalt were smaller than that of the asphalt without GO. The GO could retard the formations of the carbonyl and sulfoxide groups during UV aging, and decrease the aging degree of 90 A and SBS MA. 4. After UV aging, the GO could increase the PRR and DRR of 90 A and SBS MA, meanwhile decreasing the SPI and VAI; the order of the G* was 3% GO-modified asphalt < 1% GO-modified asphalt < 90 A (or SBS MA). The increment of G* was obviously decreased after adding the GO, and the fatigue cracking resistance performance of GO-modified asphalt were better than that of the asphalt without the GO. The results showed that the GO could improve the stability of the asphalt physical performance. The GO could improve the UV aging resistance performance 
The I C=O and I S=O before and after UV aging were tested by the FTIR to study the chemical structure changes of the GO-modified asphalt during UV aging. The PRR, SPI, DRR, and the VAI were calculated and analyzed to estimate the physical properties changes of the GO-modified asphalt during UV aging. Finally, the DSR was used to study the rheological properties, G* and δ, before and after aging. After analyzing the results of these tests, the following conclusions can be made:
1.
Before aging, the GO could decrease the G* and slightly change the δ of 90 A and SBS MA; in total, a smaller G*sinδ value was obtained after being modified by the GO, which shows that the GO could improve the fatigue cracking resistance performance of the 90 A and SBS MA binders.
2.
According to the rheological property testing, before and after TFOT, the GO could improve the thermo-oxidative aging resistance performance of 90 A and SBS MA, and the improvement effect of the GO on 90 A was better than SBS MA. 3.
After UV aging, the I C=O and I S=O increment of the GO modified asphalt were smaller than that of the asphalt without GO. The GO could retard the formations of the carbonyl and sulfoxide groups during UV aging, and decrease the aging degree of 90 A and SBS MA.
4.
After UV aging, the GO could increase the PRR and DRR of 90 A and SBS MA, meanwhile decreasing the SPI and VAI; the order of the G* was 3% GO-modified asphalt < 1% GO-modified asphalt < 90 A (or SBS MA). The increment of G* was obviously decreased after adding the GO, and the fatigue cracking resistance performance of GO-modified asphalt were better than that of the asphalt without the GO. The results showed that the GO could improve the stability of the asphalt physical performance. The GO could improve the UV aging resistance performance of 90 A and SBS MA obviously, and the improvement effect of the 3% GO was better than that of 1% GO.
